The aim of present research was investigation of anticancer activity of 4-azolidinone-3-carboxylic acids derivatives, and studies of structure-activity relationships (SAR) aspects. Methods. Organic synthesis; spectral methods; anticancer screening was performed according to the US NCI protocol (Developmental Therapeutic Program).
Introduction. Design of «small molecules» as innovative anticancer agents based on well-known scaffolds is one of the most commonly employed approaches in drug discovery. Nowadays the anticancer potential of 4-azolidinone-3-carboxylic acids (derivatives of rhodanine, 2,4-thiazolidindione or hydantoin with carboxylic acids in position N3) realized via influence on various metabolic pathways of cancer cells is described based on traditional and high-throughput screening [1, 2] (Fig. 1) . The large group of mentioned heterocycles with known pharmacological activity (such as antioxidant, anti-inflammatory, hypoglycemic, immunomodulative, etc.) was established as promising anticancer agents as well. Another approach to search of anticancer substances is target-oriented drug design, which allows to identify anticancer hit-compounds among 4-azolidinone-3-carboxylic acids derivatives [6] . Consequently, the row of 4-azolidinone-3-carboxylic acids derivatives with high affinity to «anticancer biotargets» was discovered. 5-Arylidenerhodanine-3-carboxylic acids are known as inhibitors of antiapoptic protein-protein interaction between Bcl-2 and Bax family and their interaction with receptors' domains [7] [8] [9] [10] ; inhibitors of JSP-1 -«atypical» dual-specific phosphatases family member (JNK-stimulating phosphatase-1) [11] . Among 4-azolidinone-3-carboxylic acids COX inhibitors are selected [12] because of their potential anticancer activity [6] . Hydantoin-carboxylic acids are inhibitors of Ras farnesyl transferase [13] and are considered to be perspective anticancer agents [14] . The ligands of neuroimunofiline FK506-binding protein (FKBP) are structurally analogous to mentioned series of compounds. Functionalized 4-imidazolidinone-3-alkancarboxylic acids belong to a new group of noncovalent inhibitors of Human Leukocyte Elastase [16] .
There is known antiproliferative potential of 5-substituted N-derivatives of hydantoin [17] and 5-arylidene-2,4-imidazolidinediones [18] , which are related to EGFR-kinase (epidermal growth factor receptor) inhibition [19] [20] [21] . Among amides of latter acids the inhibitors of cyclin-depended kinase (CDK2/Cyclin A) [22] are selected. One of the discovered molecular mechanisms of 4-azolidinone-3-carboxylic acids is antagonism to a v b 3 -receptors. Inhibitor possibility was improved based on correlation between expression factor progression and cancer development [23] .
Also anticancer activity of 5-substituted 4-azolidinone-carboxylic acids are associated with p53 dependent pathways of apoptotic and neoplastic transformation [24] and inhibition of necroptosis (regulated caspase-independent cell death mechanism) [25] . Extensive research has been directed towards hypoxiabased strategies for anticancer agents [6] . 5-Ylidenerhodanines, which may be interpreted as synthetic precursors of rhodanine-3-carboxylic acids, modulate proliferation and apoptosis of cancer cells via influence on NO-related pathways [5] . There is an interesting fact of combined anti-inflammatory, antioxidant, and other related activities established for some compounds [26, 27] , which is extremely important within the classical progression triad: stress-inflammation-cancer.
In the light of search for new 4-azolidinone-3-carboxylic acids derivatives as potential anticancer agents the present work was aimed to investigation of anticancer activity of newly synthesized compounds and studies of some structure-activity relationships aspects.
Materials and methods. For anticancer activity screening the library of 4-azolidinone-3-carboxylic acids was previously synthesized [1, [28] [29] [30] using known synthetic methods. Synthetic approaches to target compounds differed and depended on nature of core heterocycles (rhodanine, 2,4-thiazolidinedione, hydantoin). Compounds of rhodanine row were synthesized by modification of rhodanine-3-carboxylic acids. Derivatives of acids belonged to 2,4-thia(imida)zolidinedione series were synthesized on the assumption of 2,4-thiazolidinedione or hydantoin rings. 5-Ylidenederivatives of mentioned compounds were obtained by different modifications of Knoevenagel reaction (Fig. 2) .
The structures and purity of synthesized compounds were elucidated by spectral data ( 1 H NMR, IR, EI-MS, LC-MS).
Newly synthesized compounds were selected by the National Cancer Institute (NCI) Developmental Therapeutic Program (www.dtp.nci.nih.gov) for the in [7, 8] JSP-1 inhibitors [11] EGFR inhibitor [16] Necroptosis inhibitors [24] Farnesyl tranferase inhibitor [12] vitro cell line screening to investigate their anticancer activity. Anticancer assays were performed according to the US NCI protocol as described elsewhere [31] [32] [33] [34] . The compounds were first evaluated at one dose primary anticancer assay towards three cell lines (panel consisting of three types of human cancers: breast (MCF7), lung (NCI-H460) and CNS (SF-268) -concentration 10 -4 M) or towards approximately 60 cell lines (concentration 10 -5 M). The human tumor cell lines were derived from nine different cancer types: leukemia, melanoma, lung, colon, CNS, ovarian, renal, prostate and breast cancers. In the screening protocol, each cell line was inoculated and pre-incubated for 24-48 h on a microtiter plate.
Test agents were then added at a single concentration and the culture was incubated for further 48 h. End point determinations were made with a protein binding dye, sulforhodamine B (SRB). Results for each test agent were reported as the percent growth of the treated cells when compared to the untreated control cells. A 48 h continuous drug exposure protocol was used with a SRB protein assay to estimate cell viability and growth.
The cytotoxic and/or growth inhibitory effects of the most active selected compounds were tested in vitro against the full panel of about 60 human tumor cell lines at 10-fold dilutions of five concentrations ranging from 10 -4 to 10 -8 M. Using the seven absorbance measurements [time zero (Tz), control growth in the absence of drug (C), and test growth in the presence of drug at the five concentration levels (Ti)], the percentage growth was calculated at each of the drug concentrations levels. Percentage growth inhibition was calculated as:
[Ti -Tz/C -Tz] × 100 for concentrations for which Ti ³ Tz; [Ti -Tz/Tz] × 100 for concentrations for which Ti < Tz.
Three dose response parameters were calculated for each compound. Growth inhibition of 50 % (GI 50 ) was calculated from [(Ti -Tz)/(C -Tz)] × 100 = 50, which is the drug concentration resulting in a 50 % lower net protein increase in the treated cells (measured by SRB staining) as compared to the net protein increase seen in the control cells. The drug concentration resulting in total growth inhibition (TGI) was calculated from Ti = = Tz. The LC 50 (concentration of drug resulting in a 50 % reduction in the measured protein at the end of the drug treatment as compared to that at the beginning) indicating a net loss of cells following treatment was calculated from [(Ti -Tz)/Tz] × 100 = -50. Values were calculated for each of these three parameters if the level of activity is reached; however, if the effect was not reached or was exceeded, the value for that parameter was expressed as greater or less than the maximum or minimum concentration tested. The lgGI 50 , lgTGI, lgLC 50 were then determined, defined as the mean of the log's of the individual GI 50 , TGI, LC 50 values. The lowest values are obtained with the most sensitive cell lines. Furthermore, mean graph midpoints (MG_MID) were calculated for each of the parameters, giving an average activity parameter over all cell lines for each compound. For the calculation of the MG_MID, insensitive cell lines were included with the highest concentration tested.
Results and discussion. During the first step of screening (using one concentration) on 3 cancer cell lines (MCF7, NCI-H460, SF-268) 49 compounds were tested. For mentioned samples different levels of antimitotic activity were established, thought in the majority of cases the maximum influence was observed against NCI-H460 line Non-small cell lung cancer line. 32 Compounds were tested using 60 cancer cell lines panel. Average values of panel cancer lines growth percent lay within 100 %, which provides evidence that nonspecific antimitotic action for studied 4-thiazolidinone derivatives. However, tested compounds possessed specific influence on some individual cell lines without influencing others. This fact may be related to effect on some metabolic pathways or biotarget of certain cell lines (www.dtp.nci.nih.gov; http://www.lg cpromochem-atcc.com). UO-31 and 786-O renal cancer cell lines have been found to be the most sensitive to testing compounds. As the next step 25 compounds were selected for advanced assays on 60 cell lines panel (at five 10-fold dilutions -concentrations ranging from 10 -4 to 10 -8 M) (Fig. 3) . Tested compounds belonged to the following groups (5-aryl(heteryl)idenerhodanine-3-alkanemono(di)carboxylic acids, 5-arylidene-2,4-thiazolidinedione-3-alkanecarboxylic acids and 5-arylidene-2,4-imidazolidinedione-3-acetic acids) and showed different strength of anticancer activity -from practically absent to expressive action on all tested cell lines (Table) . Obtained data allowed us to summarize some aspects of structure -anticancer activity relationships in testing row of 4-azolidinone derivatives. The presence of ylidene moiety in position 5 of core heterocycles plays crucial role for achieving anticancer activity (Fig. 4) . Presence of certain arylidene or phenylpropenylidene fragments is also desirable. This confirms our hypothesis about critical influence of the moiety in position 5 of core heterocycles on realization of biological effects, as it was previously established for another groups of 4-azolidinone and related heterocyclic systems derivatives [1, 28] . Comparison of anticancer activity of free acids and their derivatives (namely amides) shows that latter are more active than corresponding acids as well as the results of [35] . CF 3 -Substituted anilines and sulfanilamide moieties are desirable as «privileged» fragments.
Comparison of anticancer activity of isosters of rhodanine and 2,4-thiazolidinedione derivatives or homologs of mentioned substances didn't allow us to establish any relation. However, substitution of S-atom of thiazolidinone ring for N-atom (transfer from 2,4-thiazolidinedione to 2,4-imidazolidinedione) contributes to increase in anticancer activity and appearing of selectivity. Hydantoin-3-acetic acids derivatives (14, 8, 9, 11, 12) possess the distinct selective influence on Leukemia cell lines comparing to the other groups of cancer cell lines. This fact allows us to interpret the 5-arylidene-2,4-imidazolidinedione-3-acetic acids amides as lead-compounds in search of antileukemic agents. In addition, mentioned group is more active in comparison to other 2,4-thia(imida)zolidinedione derivatives [28] .
Analysis of anticancer activity data of 5-ylidenerhodanine-3-succinic acids derivatives allowed to summarize some structure-activity correlations (Fig.  5) . Modification of free dicarboxylic acids to their diamides caused increase in anticancer activity, which was the most prominent for cyclic imides. Based on the interpretation of obtained data 3-(4-oxo-2-thioxothia- zolidine-3-yl)-pyrrolidine-2,5-dione fragment was assumed as possible pharmacophore within investigated samples row [29] . Consequently, we showed the directions of this fragment chemical modification aimed at structure optimization, namely: position C5 of rhodanine cycle and N-atom of pyrrolidine.
Conclusion. The present study describes in vitro anticancer activity of new 5-ylidene-4-thiazolidinone-3-alkanecarboxylic acids derivatives. The series of active compounds with high activity and/or selectivity levels were selected. Some aspects of structure-anticancer activity relationships were determined and structure design directions were proposed. 5-Arylidenehydantoin-3-acetic acids derivatives were identified as a new class of potent antileukemic agents. Possible pharmacophore scaffold of 5-ylidenerhodanine-3-succinic acids derivatives was suggested.
